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Introduction
The majority of insect herbivores are host-plant specialists,
feeding on a single plant family, while many fewer species are
broad generalists (Bernays and Chapman, 1994; Schoonhoven
et al., 1998). Although numerous functional explanations have
been offered to explain why host plant specialists are so
common (Price et al., 1980; Bernays and Graham, 1988;
Ehrlich and Murphy, 1988; Schultz, 1988), feeding is
ultimately about securing nutrients (Slansky, 1993; Simpson et
al., 2004) and relatively little is known about the behavioural
and physiological correlates of diet breadth as they relate to
nutrient acquisition, retention and allocation. Where
differences in nutrient utilization have been sought between
specialists and generalists, results have been ambiguous
(Scriber and Feeny, 1979; Futuyma and Wasserman, 1981).
One aspect that might be predicted to differ between host-
plant specialists and generalists is the variability of the
nutritional environment (Lee et al., 2002; Lee et al., 2003;
Raubenheimer and Simpson, 2003). It is well established that
the nutrient content of plants varies temporally and spatially
within and between individuals, populations and species
(McNeill and Southwood, 1978; Mattson, 1980; Scriber and
Slansky, 1981; White, 1993), and since generalists feed on a
wide range of plant families and are often highly mobile, they
are likely to experience greater heterogeneity in the contents
and mixtures of nutrients found in their natural diets
(Raubenheimer and Simpson, 1999; Raubenheimer and
Simpson, 2003). Being restricted to a narrow range of host-
plant, however, specialists are more likely to encounter diets
with lower nutritional variability compared to generalists, and
may need to cope with qualitative nutritional impediments
associated with dietary restriction (Behmer and Nes, 2003; De
Moraes and Mescher, 2004). Another important aspect of the
nutritional environment is the mean nutrient composition of the
diet. For example, phytophagous species are known to differ
widely in the ratio of protein to digestible carbohydrate that
We examined the nutritional correlates of diet breadth
in insect herbivores by comparing patterns of diet
selection, nutrient balancing, post-ingestive utilization and
development in two sister species of caterpillar and a
hybrid between them. One species, Heliothis virescens
(HV) has a broad host range, feeding on plants in at least
14 families. The other, Heliothis subflexa (HS), is a
specialist on plants in the genus Physalis (Solanaceae).
Experiments using synthetic foods showed that when the
caterpillars were allowed to mix their diet, the generalist
self-selected a higher-protein diet whereas the specialist
ate almost equal amounts of protein and carbohydrate,
which accords with differences between the two species in
the nutrient content of their natural diets. When confined
to nutritionally imbalanced diets, the generalist showed a
propensity to over-eat high protein:carbohydrate (P:C)
diets to a greater degree than did the specialist and
maintained higher rates of development. The generalist
did not, however, over-eat low P:C diets to the same
degree as the specialist. The hybrid selected a diet
composition that was indistinguishable to that of its
generalist father (HV), while its response to imbalanced
diets was closely similar to that of the specialist mother
(HS). The generalist converted ingested nutrient to growth
with lower efficiency than did the specialist and the
hybrid. Our findings imply that different behavioural and
physiological traits linked to nutrient regulation are under
genetic control and are explicable in terms of the different
life-histories, feeding ecologies and presumed levels of
nutritional heterogeneity in the environments of the two
insects.
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supports optimal performance, with this ratio reflecting the
composition of the natural diet (Simpson and Raubenheimer,
1993), but whether consistent differences in diet composition
and nutrient requirements occur between specialists and
generalists is not known.
Recently, detailed comparisons of the responses of host-plant
specialist and generalist grasshoppers (Simpson et al., 2002;
Raubenheimer and Simpson, 2003) and caterpillars (Lee et al.,
2002; Lee et al., 2003) have indicated that the extent to which
an insect over-consumes nutrients in excess in imbalanced
foods is correlated with diet breadth. It has been hypothesized
that these differences reflect an evolved trade-off between the
short-term costs of over-eating excess nutrients and the
probability of encountering nutritionally complementary foods
in the future (Raubenheimer and Simpson, 1999; Raubenheimer
and Simpson, 2003; Simpson et al., 2002).
In the present study, our aim was to explore the relationship
between diet breadth and nutritional regulatory responses in
two very closely related lepidopteran species and their hybrid
crosses. Heliothis virescens and H. subflexa are hybridizable
sister species (Laster, 1972; Sheck and Gould, 1996), which
phylogenetic studies indicate recently diverged from a
common polyphagous ancestral species (Mitter et al., 1993;
Fang et al., 1997). Despite their close evolutionary
relationship, the two species differ strikingly in their host-
range. On the one hand, H. virescens larvae are extreme
generalists, with a diet that includes 37 plant species from 14
different families, including the Malvaceae, Leguminosae,
Gramineae and Solanaceae (Sheck and Gould, 1993). In
contrast, H. subflexa larvae feed exclusively on plants in the
genus Physalis in the Solanaceae. The present experiments
were conceived and the data interpreted using the Geometric
Framework (Simpson and Raubenheimer, 1993;
Raubenheimer and Simpson, 1999; Raubenheimer and
Simpson, 2004).
Materials and methods
Study organisms
Heliothis virescens (Fabricius) and Heliothis subflexa
(Guenée) (abridged as HV and HS, respectively, hereafter)
originated from a culture maintained at North Carolina State
University, USA. Caterpillars of both species were
individually reared in 25·ml polypots on a corn-milk-soy based
artificial diet, modified from Burton (Burton, 1970), and
maintained in an incubator (LMS Ltd, Kent, UK) set at 27°C
with a 12·h:12·h L:D photoregime. Pupae were sexed and
transferred to 30·cm30·cm30·cm aluminium insect cages
(BioQuip, Gardena, CA, USA) containing small Eppendorf
tubes with 10% sugar solution. Moths were mated in groups of
20–30 with roughly equal numbers of males and females. Eggs
were collected from cloth mesh, which acted as an oviposition
substrate, placed inside the cage at the top. These maintenance
procedures were repeated for three generations for each species
until the start of the experiment, to preclude any differences
due to maternal effects.
Reciprocal crossing between the two species was undertaken
in an attempt to yield both directions of F1 hybrid. In each case,
15–20 newly eclosed males of one species were allowed to
mate with an equivalent number of females from the other
species. Eggs were obtained from the two reciprocal crosses,
but only HS female  HV male eggs hatched.
Diets
Five synthetic foods differing in their content of protein and
digestible carbohydrate (P:C, henceforth) were prepared (Lee
et al., 2002; Lee et al., 2003; Lee et al., 2004): 7% protein with
35% carbohydrate (7:35), 14:28, 21:21, 28:14 and 35:7. The
protein component contained a 3:1:1 mixture of casein,
peptone and albumen, while digestible carbohydrate was
sucrose. Other nutrients included essential micronutrients such
as Wesson’s salt (2.4%), cholesterol (0.5%), linoleic acid
(0.5%), ascorbic acid (0.3%) and a vitamin mix (0.2%). The
remaining portion of the food was composed of the non-
nutritive bulking agent, cellulose (54%). Dry ingredients were
presented to the insects suspended at a 1:6 ratio in 1% agar
solution.
Protocol
Caterpillars of HV (the generalist), HS (the specialist) and
the SV hybrid cross (HS females  HV males) were allocated
to one of six treatments: a choice treatment (35:7 paired with
14:28) and five no-choice treatments (7:35, 14:28, 21:21, 28:14
or 35:7). There were 12 replicates per treatment, and all
experimental treatments were run concurrently.
Upon moulting to the final larval stadium (day 0),
caterpillars were weighed to the nearest 0.1·mg (initial fresh
mass), and placed individually into 9·cm diameter Petri dishes
that had five 1·mm diameter perforations in the upper lid to
allow ventilation. The choice caterpillars received two blocks
of food, while the no-choice caterpillars received a single food
block. The mass of each food block ranged between 1000 and
1500·mg, and was pre-weighed to the nearest 0.1·mg. This
range of mass was chosen so that daily food consumption was
never limited yet the surplus was minimal (Schmidt and Reese,
1986). Feeding dishes were sealed with a strip of Parafilm and
kept in the incubator throughout the experimental period. After
24·h, any food remaining was collected and replaced with a
fresh block of the same food. The collected food was dried to
constant mass at 50°C and weighed to the nearest 0.1·mg.
To estimate daily food consumption (dry mass), 12 control
blocks of each diet were dried to constant mass and used to
construct a regression equation from which the initial dry mass
of individual blocks of food was back-calculated.
Duration of the final stadium (until pupation) was recorded
to the nearest day. Pupae were frozen and dried to constant
mass in a desiccating oven at 50°C, weighed to the nearest
0.1·mg and lipid-extracted in three, 24-h changes of
chloroform before being re-dried and re-weighed. Lipid-free
carcasses were analyzed for nitrogen content using micro-
Kjeldahl. The initial lipid and protein content of each
experimental caterpillar were estimated from regression
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equations from a sample of 12 freshly moulted final-instar
larvae.
Statistical analysis
Nutrient consumption, nutrient growth and body mass data
were analysed using general linear modeling procedures
(PROC GLM) in SAS v. 8.2 (Cary, NC, USA). Pillai’s trace
statistic was used for multivariate tests (Scheiner, 2001).
Efficiencies of conversion of ingested nutrient to body growth
were investigated using ANCOVA in combination with
graphical interpretation (Raubenheimer and Simpson, 1992).
Where necessary, data were transformed to meet the
underlying assumptions of these analyses. Feeding period and
stadium duration were tested with accelerated failure-time
analysis (PROC LIFEREG using Weibull distribution).
Results
Dietary self-selection: establishing the self-composed nutrient
intake
Nutrient intake
The duration of feeding varied significantly between the
genotypes (2=56.18, d.f.=2, P<0.001). In general, most HV
caterpillars completed their feeding within 3 days, while the
HS caterpillars continued to feed up to day 5. For the hybrids,
feeding duration was intermediate between the parental species
(day 4). The caterpillars also differed in their intake trajectory
through nutrient space with development (Fig.·1; ANOVA on
arctanC/P-transformed radian values pooled over the stadium
for three genotypes: F2,141=46.80, P<0.001). HV ingested a
higher ratio of protein (P) to digestible carbohydrate (C) than
K. P. Lee, S. T. Behmer and S. J. Simpson
did HS (mean P:C of 1.6:1 versus 0.9:1, respectively; ANOVA
contrast: F1,142=72.03, P<0.001). The hybrid caterpillars (SV)
followed an intake trajectory that was similar to that of HV
(P:C=1.3:1; F1,142=1.82, P=0.180). HS caterpillars ate
considerably more carbohydrate than did the other caterpillars
(ANOVA: F2,33=7.48, P=0.002). Protein consumption was,
however, similar across the three genotypes (F2,33=2.32,
P=0.114). The mean starting mass of HS caterpillars was
significantly smaller than the other two groups (F2,33=15.83,
P<0.001). ANCOVA took this size difference into account, but
the difference in starting size did not affect any of the results
described.
Performance measures
All foods were suitable for the caterpillars to develop
through the stadium, as evidenced by the fact all insects
pupated. Stadium duration was significantly shorter for HV and
was longest for HS, with SV development being intermediate
(Fig.·2A; 2=57.96, d.f.=2, P<0.001). SV reached a higher
Fig.·1. Bivariate means (±1 s.e.m.) of cumulative protein and
carbohydrate consumed by HV, SV and HS caterpillars over the
successive days during their entire final stadium in the choice test.
The two dotted lines represent the protein:carbohydrate ratio of the
two complementary foods (14:28 and 35:7 diets). 
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Fig.·2. Means (±1 s.e.m.) of (A) stadium duration, (B) pupal dry mass
of HV, SV and HS caterpillars in the choice test. Pupal mass was also
adjusted for differences in initial fresh mass and demonstrated in (C)
as the least square means (±1 s.e.m.) calculated from ANCOVA.
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pupal dry mass than did HV and HS insects (Fig.·2B;
F2,33=5.10, P=0.012). When ANCOVA was conducted to
correct for differences in the initial fresh mass among insects,
covariate-adjusted pupal dry mass was significantly reduced
for HV versus both HS and SV (Fig.·2C; F2,32=12.42,
P=0.001). A strong covariate effect (F1,32=52.10, P<0.001)
indicated that heavier pupae developed from initially heavier
caterpillars.
No-choice treatments: responses to dietary imbalance
Nutrient intake
As for self-selecting caterpillars, the period of feeding was
the shortest for HV larvae, intermediate for the SV caterpillars
and longest for the HS larvae (2=96.84, d.f.=2, P<0.001). For
each genotype, we constructed intake arrays by connecting
intake points across the five P:C diets. This allowed us to
visualize the type of regulatory process the caterpillars
employed when balancing the over-ingestion of nutrients in
excess versus the under-ingestion of nutrients in deficit
(Raubenheimer and Simpson, 1999; Raubenheimer and
Simpson, 2003; Raubenheimer and Simpson, 2004). HV larvae
displayed a conspicuous linear alignment of the intake points
on four of the imbalanced diets (Fig.·3A; 35:7, 28:14, 21:21
and 14:28 diet). However, they ate substantially less on the
extreme carbohydrate-biased 7:35, such that the line
connecting the 14:28 and 7:35 intake points bent downwards
(Fig.·3A) up until day 4, at which point the final intake array
formed a straight line. All the HV caterpillars except for those
on the 7:35 food ceased feeding prior to ecdysis by day 3.
Extended development, and thus feeding, caused the intake
point to move further along the 7:35 trajectory, and eventually
to line up with the other points.
The manner in which HS larvae responded to a series of
imbalanced foods (Fig.·3C) differed markedly compared to HV
larvae, with the intake arrays forming convex curves over the
first four days (days 0–4). However, these quadratic patterns
later became linear as both extreme arms of the array (7:35 and
35:7) straightened progressively outwards with prolonged
development. On the three near-optimal diets, most caterpillars
completed feeding by day 5, while those on the extreme diets
continued feeding until days 6–8.
The intake array constructed for the SV hybrid caterpillars
(Fig.·3B) was similar to that for HS, with a few notable
exceptions. On the first feeding day (day 1), the intake array
formed an arc-shaped pattern (Fig.·3B), but from day 2
onwards larvae increased consumption of the extreme
carbohydrate-biased food (7:35) to such an extent that all
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Fig.·3. Cumulative protein and carbohydrate consumed by (A) HV,
(B) SV and (C) HS over the successive days and across the full final
stadium in the no-choice test. In each plot, dotted lines from left to
right indicate the nutrient ratios for 7:35, 14:28, 21:21, 28:14 and 35:7
P:C diets where caterpillars were restricted, respectively. The mean
protein–carbohydrate intakes up to days 1, 2, 3, 4, 5 and beyond (days
6–8) are represented as following symbols: circle, square, triangle,
inverted triangle, diamond and hexagon, respectively. Within each
time interval, the intake points are connected with solid line (the
intake array) to demonstrate the pattern of nutrient balancing strategy.
Broken lines stand for the self-selected composition of protein and
carbohydrate by three genotypes (data adapted from Fig.·1).
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intake points except those of the extreme protein-biased food
(35:7) were aligned in a linear configuration. Similar to HS,
hybrid caterpillars strongly restrained their consumption on
35:7 diet compared to the other diets until day 4. Also similar
was that hybrid caterpillars fed longer on the two extreme
foods compared to those on the moderate diets. However the
degree of such prolonged feeding was much greater than HS
on the extreme carbohydrate-biased food, which resulted in a
disproportionately extended intake on the 7:35 diet.
Performance measures
Survival was high for all caterpillars on all treatments, with
only eight deaths (out of 180) occurring before pupation. Seven
of these were HV caterpillars, but they were widely spread
across the five food treatments. One HS caterpillar died (on the
14:28 diet), while all the SV caterpillars survived. Caterpillars
that failed to survive were removed from all subsequent
analyses. Stadium duration was shortest for HV and longest for
HS caterpillars, with the hybrids (SV) being intermediate
(Fig.·4A; 2=204.88, d.f.=2, P<0.001). Dietary imbalance also
affected stadium duration (2=333.95, d.f.=4, P<0.001), with
all the caterpillars on the extreme carbohydrate-biased diet
(7:35) developing slowly relative to those on the moderately
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balanced foods (14:28, 21:21 and 28:14). In contrast, stadium
duration on the extreme protein-biased diet (35:7) was notably
delayed for SV larvae, but only marginally so for HV and HS
caterpillars. This resulted in a strongly significant two-way
interaction between genotype and P:C ratio (2=213.61, d.f.=8,
P<0.001).
ANOVA of pupal dry mass exhibited significant effects due
to genotype (F2,156=42.57, P<0.001) and P:C ratio
(F4,156=3.84, P=0.005), with a significant interaction between
them (F8,156=2.61, P=0.011). Pupal dry mass of SV was higher
than both of their parental species across the five imbalanced
treatments (Fig.·4B). The effect of nutrient imbalance on pupal
mass acted oppositely for HV and HS caterpillars, with the
smallest pupae produced on the extreme carbohydrate- (7:35)
and protein-biased (35:7) diets, respectively. ANCOVA with
the initial fresh mass of caterpillars as the covariate yielded a
strong covariate-by-genotype interaction (F2,141=21.27,
P<0.001), indicating a steeper increase in pupal mass with
initial fresh mass for SV.
Body nutrient composition and utilization
Body composition of self-selecting caterpillars differed
markedly depending on their genotype (MANOVA:
F4,66=18.00, P<0.001), with HV showing the highest
proportion of nitrogen-to-lipid in body growth, SV being
intermediate, and HS being the lowest (Fig.·5).
To investigate the effect of genotype and P:C ratio on the
conversion efficiency of ingested nitrogen, nitrogen growth
adjusted by initial fresh mass differences between the
genotypes was plotted against nitrogen consumption
(estimated as protein consumption divided by the conventional
conversion factor of 6.25) in Fig.·6A. When ANCOVA was
Fig.·4. Means (±1 s.e.m.) of (A) stadium duration, (B) pupal dry mass
of HV, SV and HS caterpillars in the no-choice test.
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performed with nitrogen consumption as the covariate, there
was a significant covariate-by-P:C ratio interaction
(F4,139=5.77, P<0.001), suggesting significant slope
heterogeneity, which led us to a graphical interpretation of
nitrogen utilization. Each genotype increased nitrogen growth
with increasing protein intake as P:C ratio of the diet rose, but
nitrogen growth slowed as nitrogen intake approached the self-
selected nutrient intake. When protein intake exceeded the
intake target level on high-protein diets, this excess did not
translate into increased nitrogen growth (Fig.·6A). There was
a substantial effect of genotype, as seen by the fact that HV
had substantially lower nitrogen gain per nitrogen intake
relative to both SV and HS.
The conversion efficiency of ingested carbohydrate to lipid
was also analyzed using ANCOVA, with initial mass-adjusted
lipid growth and carbohydrate consumption as the response
variable and covariate, respectively. There was a significant
covariate-by-P:C ratio interaction (F4,139=2.78, P=0.029). The
lipid utilization plot (Fig.·6B) demonstrated that lipid growth
tended to increase progressively with increased carbohydrate
intake in all three genotypes, with one exception for HV
caterpillars on extremely carbohydrate-biased diet (7:35).
Lipid growth for the HV larvae on this diet was significantly
lower compared to that on the 14:28 diet. It can also be seen
that HS converted carbohydrate to body lipid with greatest
efficiency, SV was intermediate, and HV the lowest (Fig.·6B).
Discussion
The generalist and specialist sister species, H. virescens
(HV) and H. subflexa (HS), showed pronounced differences in
the composition of their self-selected diet (i.e. intake target),
their strategy for balancing intake of nutrient excesses against
deficits when restricted to imbalanced diets (the rule of
compromise), and their post-ingestive physiology and
development. Data from the hybrid (SV) indicated that
behavioural and physiological aspects of nutrient regulation
are under genetic control, which suggests that these traits might
have been selected in response to the nutritional environment.
The noteworthy findings of the present study are next discussed
in detail, with particular reference to each regulatory trait.
Compositions of the self-selected diet
The generalist HV caterpillars mixed a diet containing more
protein than digestible carbohydrate, while the specialist-
feeding HS selected almost equal amounts of these nutrients.
This pattern was in accordance with results from studies
showing that grass-feeding specialist locusts (Locusta
migratoria) and caterpillars (Spodoptera exempta) selected
lower P:C diets than did polyphagous relatives (Schistocerca
gregaria and Spodoptera littoralis). This was interpreted as
reflecting differences in host plant nitrogen content, grasses
being on average less nitrogen-rich than forbs (Lee et al., 2002;
Lee et al., 2003; Lee et al., 2004; Raubenheimer and Simpson,
2003). Consistent with such an explanation in the present case
is the fact that HS larvae are behaviourally specialized to feed
on Physalis fruit, a carbohydrate-rich food item (Sisterson and
Gould, 1999; Oppenheim and Gould, 2002). Like most
lepidopterous larvae (Simpson and Simpson, 1990; Waldbauer
and Friedman, 1991), HV larvae selected higher levels of
protein than carbohydrate, reflecting their renowned preference
for nitrogen-rich plant reproductive tissues (e.g. floral buds,
blossoms and anthers) and young foliar tissues (Telang et al.,
2001). For the hybrid (SV), the self-selected diet composition
was close to that of the generalist father (HV). A comparison
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between 35:7 and 14:28 P:C diets (data adapted from Figs·1 and 5).
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of male and female hydrids showed no statistical difference
between the self-composed P:C ratios (1.3 and 1.4 for female
and male SV, respectively; Student t-test on arctanC/P-
transformed radian value of the final intake: t=0.95, d.f.=10,
P=0.367). If the self-selected P:C ratio of the hybrid was
inherited via sex chromosomes, we should have observed
differences between the sexes. Instead, a possible dominant
autosomal effect on the self-selected P:C ratio is suggested.
Information from backcrossing is needed to determine the
mode of inheritance (Futuyma and Peterson, 1985).
A second interesting finding from the choice experiment is
that the generalist HV spent substantially less time feeding and
developed much faster than did the specialist HS. Such rapid
growth was positively correlated with the level of protein in their
selected diet. This correlation makes sense because protein
provides the building blocks for animal body tissue. Foraging
and feeding can be hazardous, due to increased exposure to
natural enemies (Bernays, 1997), and the risk of
predation/parasitism accumulates with prolonged development
and feeding (Moran and Hamilton, 1980; Loader and Damman,
1991; Benrey and Denno, 1997). It is widely thought that
generalists are more susceptible to this kind of selective pressure
than are specialists (Geitzenauer and Bernays, 1996; Oppenheim
and Gould, 2002; Bernays et al., 2004). Rapid development and
high protein consumption seen in HV are therefore explicable
as evolved traits selected to reduce the higher predation risk
experienced by this species under natural conditions. Hybrids’
feeding period during the stadium, as well as their development
rate, were intermediate between those of its parental species,
suggesting the genetic control of these traits.
Dealing with imbalanced diets
When restricted to a one of a range of single foods, we found
substantial differences between the two species in the way they
balanced the intake of the surplus and deficient nutrients
relative to the self-selected nutrient intake (as estimated from
the choice treatment). Similar to other generalists studied to
date (Lee et al., 2002; Simpson et al., 2002; Raubenheimer and
Simpson, 2003), HV larvae demonstrated a linear intake array
across the range of no-choice diets, except on the lowest-
protein diet (7:35 P:C), where intake somewhat lagged behind
the other diets. The slope of the linear P:C intake array was
shallow (ca. –0.7), resulting in carbohydrate intake varying less
than for protein across the array. Thus HV larvae over-ate
protein to a substantial degree on high-protein diets, but did
not over-consume carbohydrate to the same degree on low-
protein diets.
Compared to HV, HS larvae were considerably less disposed
to over-eat protein on protein-biased diets, and exhibited an
arc-shaped intake array resembling the pattern described for
other specialist feeders (Raubenheimer and Simpson, 2003;
Lee et al., 2003; Lee et al., 2004). The array was tilted towards
the vertical, indicating in tighter regulation of protein than
carbohydrate intake (Lee et al., 2003; Lee et al., 2004). Results
from these two closely related caterpillars corresponded well
with our expectation based on the ‘nutritional heterogeneity’
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hypothesis. This predicts the opportunistic consumption of
imbalanced diets to have evolved under circumstances in
which animals are likely to encounter complementary foods,
which will translate excess ingested nutrients into a balanced
complement (Raubenheimer and Simpson, 1999; Simpson et
al., 2002; Lee et al., 2002; Lee et al., 2003).
In the choice treatments we found that the hybrid SV larvae
selected the same diet composition as their paternal generalist
species, HV, but this was not the case for their intake array in
the no-choice treatments. Here the overall configuration of
their intake array was very much closer to the arc-shaped array
of the maternal specialist species, HS; albeit that they spent an
amount of time feeding during the stadium that was
intermediate to their parental species. This suggests that the
two traits, the self-selected intake target and the strategy for
balancing intake of excesses and deficits on imbalanced diets,
are controlled independently through separate genetic loci,
with the possibility of genetic dominance operating in opposite
directions. Despite their similarity to the specialist HS, SV
larvae over-ate carbohydrate to a greater extent than did the
maternal species on the extremely protein-deficit diet (7:35
P:C), which suggests a tighter regulatory response for protein
in SV larvae (greater consumption of carbohydrate being
coupled to greater intake of limiting protein).
The results from the no-choice experiments reinforced the
conclusion that the generalist species has evolved rapid feeding
and development as a strategy for reducing the ecological costs
of predation and parasitism (see above). Thus, HV caterpillars
over-consumed protein on high-protein diets to a greater
degree than did the specialist species, and were therefore better
able to maintain high development rates and to sustain pupal
mass on such diets. As also seen for self-selecting larvae (see
above), development time in hybrids was intermediate to their
parent species, strengthening the indication of genetic
influence.
Body chemical compositions and post-ingestive regulation
Differences between HV, HS and their hybrid in pupal
chemical composition reflected differences in nutrient intake
of the caterpillars. Hence, HV caterpillars accumulated a
higher proportion of nitrogen to lipid mass over the final larval
stadium than did HS larvae, while the hybrid SV larvae were
intermediate. Such a parallel relationship between nutrient
intake and body chemistry indicates genetic coupling of these
traits and linkage of their regulatory mechanisms (Simpson and
Raubenheimer, 1993). The body chemistry data also have
implications for the effects of diet breadth on the ecological
stoichiometry of insect herbivores (Sterner and Elser, 2002;
Jaenike and Markow, 2003).
Consistent with earlier reports on caterpillars (Lee et al.,
2002; Lee et al., 2003; Lee et al., 2004), in all three
experimental groups (HV, HS, SV) nitrogen growth was
regulated more tightly than lipid growth in the face of dietary
manipulation. In each of the three genotypes, nitrogen
ingested in excess of their different self-selected levels of
protein was not converted into extra nitrogen growth,
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indicating post-ingestive mechanisms of nitrogen regulation
(Zanotto et al., 1993; Thompson and Redak, 2000). Tight
coupling between patterns of nitrogen utilization and the
position of the self-composed protein intake is to be expected
(Simpson and Raubenheimer, 1993; Raubenheimer and
Simpson, 2004), and the present data show that evolved
changes in one accompany the other. Compared to HS and SV
caterpillars on the 7:35 P:C diet, HV pupae had lower nitrogen
content but this was explicable in terms of the different
patterns of intake. Thus reduced nitrogen growth for HV
stemmed from the fact that these caterpillars had eaten
relatively smaller amounts of the extreme carbohydrate-biased
diet (7:35 P:C), with a concomitant depression of protein
intake (Fig.·3A).
In marked contrast to nitrogen, all caterpillars tended to
accumulate more lipid as the P:C ratio decreased, with an
exception demonstrated for HV caterpillars on extreme
carbohydrate-rich diet (7:35 P:C). HV larvae over-consumed
carbohydrate on low-protein diets to a lesser degree than did
HS and SV larvae (Fig.·3A), and as a result will have suffered
depletion of energy reserves for maintenance during the
prolonged stadium duration on low-protein diets, seen most
notably on the 7:35 P:C diet (Fig.·4A).
The generalist HV larvae converted ingested nutrients (both
protein and carbohydrate) to body growth with lower
efficiency compared to the specialist HS and hybrid SV
caterpillars. It is possible that the fast growing HV used more
of their ingested nutrients to fuel rapid development rate rather
than allocating them to body tissue.
Conclusions and prospectus
In the present study, we have provided evidence for evolved
differences in various aspects of nutrient regulation related to
diet breadth by comparing two closely related caterpillar
species. Such differences are explicable in terms of the
different life-histories, feeding ecologies and presumed levels
of nutritional heterogeneity in the environment of the two
insects, leading us to highlight the importance of ecological
factors shaping the mechanisms associated with nutritional
homeostasis in insect herbivores. By describing the nutritional
responses of a hybrid between the two species, we have
demonstrated unprecedented evidence for the genetic
foundations of such responses. Our results also indicate that
certain regulatory traits may be controlled independently from
others, while some traits seem tightly coupled. The nature of
genetic coupling between nutritional regulatory mechanisms
within individuals and the extent to which there is genetic
variation in such responses within and between populations of
a species remain to be elucidated and offer a rich vein for future
research.
We thank F. Gould (North Carolina State University, USA)
for providing insects and invaluable comments on an earlier
version of this manuscript, and D. Raubenheimer (Auckland
University, New Zealand) for sharing his ideas and lending
his support throughout this study. This work was conducted
under a license from DEFRA (PHL 225/4187) and supported
by funding from the Biotechnology and Biological Sciences
Research Council, UK.
References
Behmer, S. T. and Nes, W. D. (2003). Insect sterol nutrition and physiology:
a global overview. Adv. Insect Physiol. 31, 1-72.
Benrey, B. and Denno, R. F. (1997). The slow-growth-high-mortality
hypothesis: a test using the cabbage butterfly. Ecology 78, 987-999.
Bernays, E. A. (1997). Feeding by lepidopteran larvae is dangerous. Ecol.
Entomol. 22, 121-123.
Bernays, E. A. and Chapman, R. F. (1994). Host-plant Selection by
Phytophagous Insects. New York: Chapman & Hall.
Bernays, E. A. and Graham, M. (1988). On the evolution of host specificity
in phytophagous arthropods. Ecology 69, 886-892.
Bernays, E. A., Singer, M. S. and Rodrigues, D. (2004). Foraging in nature:
foraging efficiency and attentiveness in caterpillars with different diet
breadths. Ecol. Entomol. 29, 389-397.
Burton, R. L. (1970). A low-cost artificial diet for corn earworm. J. Econ.
Entomol. 63, 1969-1970.
De Moraes, C. M. and Mescher, M. C. (2004). Biochemical crypsis in the
avoidance of natural enemies by an insect herbivore. Proc. Natl. Acad. Sci.
USA 101, 8993-8997.
Ehrlich, P. R. and Murphy, D. D. (1988). Plant chemistry and host range in
insect herbivores. Ecology 69, 908-909.
Fang, Q. Q., Cho, S., Regier, J. C., Mitter, C., Mattews, M., Poole, R. W.,
Friedlander, T. P. and Zhao, S. W. (1997). A new nuclear gene for insect
phylogenetics: Dopa decarboxylase is informative of relationships within
Heliothinae (Lepidoptera: Noctuidae). Syst. Biol. 46, 269-283.
Futuyma, D. J. and Peterson, S. C. (1985). Genetic variation in the use of
resources by insects. Annu. Rev. Entomol. 30, 217-238.
Futuyma, D. J. and Wasserman, S. S. (1981). Food plant specialization and
feeding efficiency in the tent caterpillars Malacosoma disstria and M.
americanum. Entomol. Exp. Appl. 30, 106-110.
Geitzenauer, H. L. and Bernays, E. A. (1996). Plant effects on prey choice
by a vespid wasp, Polistes arizonensis. Ecol. Entomol. 21, 227-234.
Jaenike, J. and Markow, T. A. (2003). Comparative elemental stoichiometry
of ecologically diverse Drosophila. Funct. Ecol. 17, 115-120.
Laster, M. L. (1972). Interspecific hybridization of Heliothis virescens and H.
subflexa. Environ. Entomol. 1, 682-687.
Lee, K. P., Behmer, S. T., Simpson, S. J. and Raubenheimer, D. (2002). A
geometric analysis of nutrient regulation in the generalist caterpillar
Spodoptera littoralis (Boisduval). J. Insect Physiol. 48, 655-665.
Lee, K. P., Raubenheimer, D., Behmer, S. T. and Simpson, S. J. (2003). A
correlation between macronutrient balancing and insect host-plant range:
evidence from the specialist caterpillar Spodoptera exempta (Walker). J.
Insect Physiol. 49, 1161-1171.
Lee, K. P., Simpson, S. J. and Raubenheimer, D. (2004). A comparison of
nutrient regulation between solitarious and gregarious phases of the
specialist caterpillar, Spodoptera exempta (Walker). J. Insect Physiol. 50,
1171-1180.
Loader, C. and Damman, H. (1991). Nitrogen content of food plants and
vulnerability of Pieris rapae to natural enemies. Ecology 72, 1586-1590.
Mattson, W. J. (1980). Herbivory in relation to plant nitrogen content. Annu.
Rev. Ecol. Syst. 11, 119-161.
McNeill, S. and Southwood, T. R. E. (1978). The role of nitrogen in the
development of insect/plant relationships. In Biochemical Aspects of Plant
and Animal Coevolution (ed. J. Harborne), pp. 77-98. London: Academic
Press.
Mitter, C., Poole, R. W. and Mattews, M. (1993). Biosystematics of the
Heliothinae (Lepidoptera: Noctuidae). Annu. Rev. Entomol. 38, 207-225.
Moran, N. and Hamilton, W. D. (1980). Low nutritive quality as defense
against herbivores. J. Theor. Biol. 86, 247-254.
Oppenheim, S. J. and Gould, F. (2002). Behavioral adaptations increase the
value of enemy-free space for Heliothis subflexa, a specialist herbivore.
Evolution 56, 679-689.
Price, P. W., Bouton, C. E., Gross, P., McPheron, B. A., Thompson, J. N.
and Weis, A. E. (1980). Interactions among three trophic levels: influence
of plants on interactions between insect herbivores and natural enemies.
Annu. Rev. Ecol. Syst. 11, 41-65.
Raubenheimer, D. and Simpson, S. J. (1992). Analysis of covariance: an
alternative to nutritional indices. Entomol. Exp. Appl. 62, 221-231.
THE JOURNAL OF EXPERIMENTAL BIOLOGY
2084 K. P. Lee, S. T. Behmer and S. J. Simpson
Raubenheimer, D. and Simpson, S. J. (1999). Integrating nutrition: a
geometrical approach. Entomol. Exp. Appl. 91, 67-82.
Raubenheimer, D. and Simpson, S. J. (2003). Nutrient balancing in
grasshoppers: behavioural and physiological correlates of diet breadth. J.
Exp. Biol. 206, 1669-1681.
Raubenheimer, D. and Simpson, S. J. (2004). Organismal stoichiometry:
quantifying non-independence among food components. Ecology 85, 1203-
1216.
Scheiner, S. M. (2001). MANOVA: multiple response variables and
multispecies interactions. In Design and Analysis of Ecological Experiments
(ed. S. M. Scheiner and J. Gurevitch), pp. 99-115. Oxford: Oxford
University Press.
Schmidt, D. J. and Reese, J. C. (1986). Source of error in nutritional index
studies of insects on artificial diet. J. Insect Physiol. 32, 193-198.
Schoonhoven, L. M., Jermy, T. and van Loon, J. J. A. (1998). Insect-plant
Biology: From Physiology to Evolution. London: Chapman & Hall.
Schultz, J. C. (1988). Many factors influence the evolution of herbivore diets,
but plant chemistry is central. Ecology 69, 896-897.
Scriber, J. M. and Feeny, P. (1979). Growth of herbivorous caterpillars in
relation to feeding specialization and to the growth form of their food plants.
Ecology 60, 829-850.
Scriber, J. M. and Slansky, F. (1981). The nutritional ecology of immature
insects. Annu. Rev. Entomol. 26, 183-211.
Sheck, A. L. and Gould, F. (1993). The genetic basis of host range in
Heliothis virescens: larval survival and growth. Entomol. Exp. Appl. 69,
157-172.
Sheck, A. L. and Gould, F. (1996). The genetic basis of differences in growth
and behavior of specialist and generalist herbivore species: selection on
hybrids of Heliothis virescens and Heliothis subflexa (Lepidoptera).
Evolution 50, 831-841.
Simpson, S. J. and Raubenheimer, D. (1993). A multi-level analysis of
feeding behaviour: the geometry of nutritional decisions. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 342, 381-402.
Simpson, S. J. and Simpson, C. L. (1990). The mechanisms of nutritional
compensation by phytophagous insects. In Insect-plant Interactions. Vol. II
(ed. E. A. Bernays), pp. 111-160. Boca Raton, FL: CRC Press.
Simpson, S. J., Raubenheimer, D., Behmer, S. T., Whitworth, A. and
Wright, G. A. (2002). A comparison of nutritional regulation in solitarious-
and gregarious-phase nymphs of the desert locust, Schistocerca gregaria. J.
Exp. Biol. 205, 121-129.
Simpson, S. J., Sibly, R. M., Lee, K. P., Behmer, S. T. and Raubenheimer,
D. (2004). Optimal foraging when regulating intake of multiple nutrients.
Anim. Behav. 68, 1299-1311.
Sisterson, M. S. and Gould, F. (1999). The inflated calyx of Physalis
angulata: a refuge from parasitism for Heliothis subflexa. Ecology 80, 1071-
1075.
Slansky, F. (1993). Nutritional ecology: the fundamental quest for nutrients.
In Caterpillars: Ecology and Evolutionary Constraints on Foraging (ed. N.
Stamp and T. M. Caesy), pp. 29-91. New York: Chapman & Hall.
Sterner, R. W. and Elser, J. J. (2002). Ecological Stoichiometry: The Biology
of Elements from Molecules to the Biosphere. Princeton, NJ: Princeton
University Press.
Telang, A., Booton, V., Chapman, R. F. and Wheeler, D. E. (2001). How
female caterpillars accumulate their nutrient reserves. J. Insect Physiol. 47,
1055-1064.
Thompson, S. N. and Redak, R. A. (2000). Interactions of dietary protein
and carbohydrate determine blood sugar level and regulate nutrient selection
in the insect Manduca sexta L. Biochim. Biophys. Acta 1523, 91-102.
Waldbauer, G. P. and Friedman, S. (1991). Self-selection of optimal diets
by insects. Annu. Rev. Entomol. 36, 43-63.
White, T. C. R. (1993). The Inadequate Environment: Nitrogen and the
Abundance of Animals. New York: Springer.
Zanotto, F. P., Simpson, S. J. and Raubenheimer, D. (1993). The regulation
of growth by locusts through post-ingestive compensation for variation in
the levels of dietary protein and carbohydrate. Physiol. Entomol. 18, 425-
434.
THE JOURNAL OF EXPERIMENTAL BIOLOGY
